Additional index words. Fragaria ·ananassa, methyl bromide, virtually impermeable film, fumigant emission reduction, weed control Abstract. Fumigants are used to control soilborne pests before planting high-value crops such as strawberry. The use of specialized tarps during fumigation can reduce fumigant emissions and mitigate the need for large buffer zone requirements mandated by regulators. Increased fumigant retention by use of barrier films during fumigant application may increase fumigant retention and allow use of lower fumigant rates to control soil pests than would be needed with permeable film. The objective of this study was to determine the minimum effective rates of the alternative fumigants, 1,3-dichloropropene (1,3-D) + chloropicrin (Pic), and Pic required under virtually impermeable film (VIF) and a high-density polyethylene (HDPE) tarp to provide weed control equivalent to methyl bromide:chloropicrin (67/33% v/v MBPic) standard soil fumigation at 392 kgÁha -1 under HDPE. A second objective was to determine fumigant rates under VIF and HDPE tarps needed to provide weed control and the economic costs of using VIF and reduced rates of the alternative fumigants. In 2002-2003 and 2003-2004 growing seasons, the fumigants 1,3-D + Pic and Pic were tested at 0, 56, 112, 224, 336, and 448 kgÁha -1 under HDPE and VIF tarps at Oxnard and Watsonville, CA. An untreated control and a MBPic standard at 392 kgÁha -1 were also included in the study. Weed control was assessed using weed propagule viability bioassays for four common weeds, time required for hand weeding, and weed fresh biomass. The fumigant rate that would be needed for a 90% reduction in viability (GR 90 ) for all weeds was 21% to 84% less for 1,3-D + Pic under VIF compared with the HDPE tarp. For Pic, the GR 90 values were 5% to 64% less under VIF compared with the HDPE tarp. Hand weeding times and weed biomass decreased with increasing fumigant rates. With the exception of Pic in 2002-2003 at Oxnard, VIF reduced the rate required for weed control compared with the HDPE tarp for both fumigants and at both locations. Economic benefits of VIF relative to the HDPE tarp were not consistent and additional work is needed to quantify these relationships and the production conditions under which VIF will be beneficial.
Abstract. Fumigants are used to control soilborne pests before planting high-value crops such as strawberry. The use of specialized tarps during fumigation can reduce fumigant emissions and mitigate the need for large buffer zone requirements mandated by regulators. Increased fumigant retention by use of barrier films during fumigant application may increase fumigant retention and allow use of lower fumigant rates to control soil pests than would be needed with permeable film. The objective of this study was to determine the minimum effective rates of the alternative fumigants, 1,3-dichloropropene (1,3-D) + chloropicrin (Pic), and Pic required under virtually impermeable film (VIF) and a high-density polyethylene (HDPE) tarp to provide weed control equivalent to methyl bromide:chloropicrin (67/33% v/v MBPic) standard soil fumigation at 392 kgÁha -1 under HDPE. A second objective was to determine fumigant rates under VIF and HDPE tarps needed to provide weed control and the economic costs of using VIF and reduced rates of the alternative fumigants. In 2002-2003 and 2003-2004 growing seasons, the fumigants 1,3-D + Pic and Pic were tested at 0, 56, 112, 224, 336 , and 448 kgÁha -1 under HDPE and VIF tarps at Oxnard and Watsonville, CA. An untreated control and a MBPic standard at 392 kgÁha -1 were also included in the study. Weed control was assessed using weed propagule viability bioassays for four common weeds, time required for hand weeding, and weed fresh biomass. The fumigant rate that would be needed for a 90% reduction in viability (GR 90 ) for all weeds was 21% to 84% less for 1,3-D + Pic under VIF compared with the HDPE tarp. For Pic, the GR 90 values were 5% to 64% less under VIF compared with the HDPE tarp. Hand weeding times and weed biomass decreased with increasing fumigant rates. With the exception of Pic in [2002] [2003] at Oxnard, VIF reduced the rate required for weed control compared with the HDPE tarp for both fumigants and at both locations. Economic benefits of VIF relative to the HDPE tarp were not consistent and additional work is needed to quantify these relationships and the production conditions under which VIF will be beneficial.
California strawberries account for over 85% of the total U.S. production, and in 2009, the California strawberry industry was valued at $1.7 billion for the 16,107 harvestable hectares under production (Agricultural Marketing Resource Center, 2010 ; Economic Research Service-U.S. Department of Agriculture, 2010) . The long strawberry growing period in California fields means that the crop must be protected from weed infestations for as long as 15 months. In addition to competing with strawberries, weeds can harbor pathogens and insects that could affect the crop. All but a few fumigant-tolerant weed seed species such as California burclover (Medicago polymorpha L.) and common mallow (Malva neglecta Wallr.) are controlled by MB and Pic mixtures. Pre-plant mixtures of MBPic have been widely used since the 1960s in California strawberries to control soilborne diseases, nematodes, and weeds (Wilhelm and Paulus, 1980) . However, MB has been classified as a Class I stratospheric ozone-depleting chemical and was phased out starting in 2005 under the Montreal Protocol (U.S. Environmental Protection Agency, 1993) . Critical use exemptions for MB in strawberry and some other uses are still permitted under the Montreal Protocol terms (Duniway, 2002) .
Currently approximately two-thirds of the strawberry acreage use alternatives to MB, but finding a complete replacement for MB has proven difficult for the strawberry industry as a result of numerous reasons (U.S. Environmental Protection Agency, 2009). The lack of MB may result in revenue decline of 25% for California strawberry growers (Goodhue et al., 2005) . Chemical alternatives to MB include 1,3-D, Pic, and metam sodium (Duniway, 2002; Medina et al., 2006) . The fumigant 1,3-D alone controls nematodes and some soilborne insects but has limited activity against soilborne plant pathogens and weeds (Noling and Becker, 1994) . Pic controls pathogens but is less effective in controlling weeds and nematodes than MB (Noling and Becker, 1994; Wilhelm, 1999) . The weed control effectiveness of 1,3-D + Pic is better than that of Pic alone (Fennimore et al., 2003 ), yet strawberry yields from the alternatives, 1,3-D + Pic and Pic have been comparable to MB treatments (Medina et al., 2006) . Total annual applications of 1,3-D are however restricted in an area of 93.2 km 2 (defined as township) in California as a result of air quality concerns (California Department of Pesticide Regulation, 2009). Chloropicrin being volatile and toxic can also contribute to air pollution (Gan et al., 2000) . Given these considerations, it is essential that fumigants be applied in a way that minimizes their impact on human health and the environment (Papiernik and Yates, 2002) .
Under California's fumigant use regulations, the use of drip irrigation to apply fumigants and the use of specialized tarps such as VIF during fumigation reduce the required buffer zones (Ajwa et al., 2002) . VIF differs from a HDPE tarp because VIF has additional gas-impermeable layers (such as ethylene vinyl alcohol, nylon, or polyaminides) between polyethylene layers (Wang et al., 1997) . The use of VIF can minimize fumigant emissions, increase fumigant retention over time, and reduce the rate needed for effective pest control (Gamliel et al., 1998; Minuto et al., 1999; Nelson et al., 2001) .
Higher fumigant concentrations of 1,3-D and Pic were measured under VIF compared with a low-density polyethylene (LDPE) tarp 1 to 4 d after drip fumigation (Desaeger and Csinos, 2005) . Improved retention of fumigants in soil under VIF also provides more opportunity for soil degradation of fumigants rather than release into the atmosphere (Wang and Yates, 1998) . Use of VIF as a tarp can reduce 1,3-D + Pic needed for effective soil disinfestations by 50% (De Cal et al., 2004; Medina et al., 2006) . Santos et al. (2005 Santos et al. ( , 2007 found that reducing MBPic rates by one-half under VIF or metalized mulches provided nutsedge control similar or superior to application made at 392 kgÁha -1 under LDPE or HDPE tarps. Desaeger et al. (2004) studied the movement of 1,3-D and Pic under an LDPE tarp in raised sandy beds and found that fumigant concentrations were higher in the bed center than at the edge of the bed.
Weeds that escape on the edges of the beds can be problematic. The challenge is to drive fumigants to the edge of the planting bed in a concentration sufficiently high to kill the weed propagules there. Our study addressed the question whether 1,3-D + Pic and pure Pic applied under VIF has the potential to improve weed control in bedded strawberry compared with similar treatments applied under an HDPE tarp. The objectives of this study were to determine 1) the minimum effective rates of the alternative fumigants, 1,3-D + Pic and Pic, under VIF and an HDPE tarp required to control weeds equivalent to 67/33% v/v MBPic standard soil fumigation at 392 kgÁha -1 under an HDPE tarp. A second objective was to determine fumigant rates under VIF and HDPE tarps needed to provide weed control and the economic costs of using VIF and reduced rates of the alternative fumigants.
Materials and Methods
Soil at the Oxnard site in the [2002] [2003] season was a Hueneme sandy loam (coarseloamy, mixed, calcarius, thermic, Cumulic Haploxeroll) with 60% sand, 28% silt, a pH of 7.8, and organic matter of 0.7%. In 2003-2004 at Oxnard, soil was a Camarillo loam (fine-loamy, mixed, calcareous, thermic, Aquic Xerofluvents) with 53% sand, 35% silt, a pH of 7.8, and organic matter of 1.4%. In both seasons, the Watsonville soil was an Elder sandy loam (coarse-loamy, mixed, thermic, Cumulic Haploxerolls) with 70% sand, 16% silt, pH of 6.6, and organic matter of 0.9%.
Fumigants tested were an emulsified formulation of 1,3-D and Pic mixture (InLineä, 60% 1,3-D and 32% Pic; Dow AgroSciences, Redeck, NC) and Pic plus an emulsifier (Pic EC 95%; Niklor Chemical Co., Long Beach, CA). 1,3-D + Pic and Pic EC and were applied at 0, 56, 112, 224, 336, and 448 kgÁha -1 in water through the drip irrigation system into soil beds covered with tarp. Dates of fumigant application for the two seasons at both locations are listed in Table 1 . Fumigants were injected into the irrigation water following procedures described by Ajwa et al. (2002) . Briefly, the fumigants were injected in a closed system directly from nitrogen-pressurized cylinders and metered into irrigation water with a flow meter (Key Instruments, Trevose, PA; McMaster-Carr Supply, Los Angeles, CA). A static mixing device (TAH Industries, Inc., Robbinsville, NJ) was installed at the point of injection to mix fumigants with irrigation water before distribution in the drip irrigation system. A backflow device (Amiad Filtration Systems, Oxnard, CA) was used to prevent contamination of the water source. The commercial standard, MBPic 67/33% v/v, was applied at 392 kgÁha -1
. In 2002 at both Oxnard and Watsonville, MBPic was shank-injected 25 to 30 cm deep with two chisels spaced 35 cm apart into soil beds that were immediately covered with mulch. In 2003, the MBPic was applied at both locations by drip application as described previously for 1,3-D + Pic and Pic EC. Two types of tarp were used: standard HDPE (Pliant 38 mm; Pliant Corp., Washington, GA) and VIF (Bromostop 40 mm; Bruno Rimini Ag Ltd., London, U.K.). Each treatment was replicated four times using a split-plot design (with tarps as the main plot and fumigation treatments as subplots) arranged in a randomized complete block. Each subplot was one bed wide by 45.7 m long. Beds were 1.7 m wide (furrow to furrow) at Oxnard and 1.4 m wide at Watsonville as per standard commercial practices in each region. Strawberry transplanting dates at each location are presented in Table 1 .
Weed control assessments. Weed control was assessed by three methods: 1) weed propagule viability bioassays; 2) timing of hand weeding by commercial crews; and 3) fresh weed biomass. For weed propagule viability tests, 50 seeds of common chickweed [Stellaria media (L.) Vill.], common purslane (Portulaca oleracea L.), prostrate knotweed (Polygonum aviculare L.), and 10 tubers of yellow nutsedge (Cyperus esculentus L.) were placed in 8 · 12-cm heat-sealed nylon mesh bags (Delnet, Middletown, DE). All seeds and tubers were gathered from agricultural fields near Salinas, CA, or propagated from weeds transplanted from agricultural fields and allowed to set seed on greenhouse benches. Four weed propagule bags were installed per subplot at depths of 5 and 15 cm, at the center, and 4 cm from the edge of the beds. Seed bags were installed 1 week to 10 d before fumigation to allow the seeds and tubers to equilibrate with the soil moisture. Seed bags were retrieved %14 d after fumigation, and propagule viability was determined using the tetrazolium assay described in Peters (2000) . Time for a worker to weed a specified length of the subplot was measured five to eight times per season, depending on the grower's decisions regarding weeding the surrounding commercial field. Weed fresh biomass (shoot and root) was collected and weighed during the event of hand weeding. The hand weeding time and weed biomass was recorded from bed length of 30 and 27 m in Oxnard in 2002-2003 and 2003-2004, respectively . At Watsonville, the weeding time and weed biomass data were recorded from length of 27 and 24 m in 2002-2003 and 2003-2004 growing seasons. Dates of yellow nutsedge and weed seed burial and retrieval as well as hand weeding and weed biomass collection dates are listed in Table 1 .
Statistical analysis. For the weed seed viability data, the season · location interaction was not considered for both locations because the study was conducted at two different sites in Oxnard in the two growing seasons. The location · treatment interaction was observed and found significant (P < 0.0001) for all weed species (Tables 2 through  4 ). Separate regression analysis was performed for each location using Proc Probit in SAS (SAS Institute Inc., Cary, NC) to calculate the rate required to achieve a 50% and 90% reduction in the viability (GR 50 and GR 90 , respectively) at 15-cm depth near the edge of the bed. Weed samples from this position were chosen because they had the highest survival.
Hand weeding time and weed biomass in MBPic plots were used as reference standards to estimate 1,3-D + Pic and Pic rates needed to be equal to MBPic under the HDPE tarp. Because labor and material costs varied across locations, data for hand weeding times were analyzed separately for each location. Barrier films such as VIF are coming into use in California primarily to limit fumigant emissions, but the impact of VIF on fumigant efficacy cannot be ignored (California Department of Pesticide Regulation, 2010) . A separate analysis of the VIF and standard films was therefore necessary to assess their individual effects on pests such as weeds. Separate analysis of the tarps also made it possible to determine the economic feasibility of the VIF Table 1 . Date of fumigation, strawberry cultivars, strawberry transplanting date, weed data collection, and other significant information pertaining to the method of study. with the two fumigants. Data for each fumigant were also analyzed separately to identify precise rates that would be needed to replace the MBPic standard. The weed biomass data were not used for determining the economic aspect of the study and so the biomass data were pooled over locations and tarps because both the threeway, location · tarp · dose, and the two-way, tarp · dose, interactions were not significant. Before running the regression analysis, the log 10 (x) transformation was used for both hand weeding time and weed biomass to meet the assumptions of normality for regression analysis. Analysis was run on the transformed data using SigmaPlot 11.0 (Systat Software Inc., San Jose, CA). Response of the hand weeding time and biomass to fumigant rates were best defined by exponential or linear trends taking R 2 values into consideration and using SigmaPlot 11.0. The 1,3-D + Pic and Pic rates under the two tarps that would be needed to replace the MBPic standard were calculated using 1) exponential equations f = y0 + a*exp (-bx) or f = a*exp (-bx) where f = hand weeding time or weed biomass for the MBPic standard soil fumigation at 392 kgÁha -1 under the HDPE tarp, a and b are the parameters, and x = rate for the alternative fumigants under either VIF or HDPE tarps needed to replace MBPic standard soil fumigation at 392 kgÁha -1 under HDPE tarp; and 2) linear equation f = y0 + ax where f = hand weeding time or weed biomass for the MBPic standard soil fumigation at 392 kgÁha -1 under the HDPE tarp, y0 = intercept (the value of f when x = 0), a = slope of the line, and x = rate for the alternative fumigants under either VIF or HDPE tarps needed to replace MBPic standard soil fumigation at 392 kgÁha -1 under HDPE tarp.
Results and Discussion
Weed sample viability. Standard soil fumigation with MBPic controls most weed species with the exception of weeds such as common mallow and burclover (Daugovish and Fennimore, 2008; Wilhelm and Paulus, 1980) . In our study MBPic standard soil fumigation at 392 kgÁha -1 under the HDPE tarp killed common chickweed, common purslane, knotweed, and yellow nutsedge weed propagules positioned at 15 cm depth near the edge of the bed, except at Oxnard in the 2002-2003 season where viability of common chickweed, common purslane, and knotweed was 25%, 40%, and 35%, respectively. Rates of alternative fumigants that controlled weeds equivalent to MBPic were estimated using the GR 90 values of the alternative fumigants under the two tarps. The GR 50 values are also presented because proc probit predictions are most accurate at that level.
At Oxnard, GR 90 and GR 50 values of common chickweed over both seasons for 1,3-D + Pic were 22% to 49% less under VIF as compared with HDPE tarp (Table 2) Common purslane GR 90 and GR 50 values followed similar trends as common chickweed with rates for 1,3-D + Pic at Oxnard reduced in the range of 21% to 47% under VIF as compared with the HDPE tarp over the two seasons (Table 3) - (Table 5) .
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Results from the weed seed viability data suggest that the use of VIF can greatly reduce the rate for both 1,3-D + Pic and Pic as compared with the HDPE tarp to achieve the same level of weed control. Overall, GR 90 values for all weeds were reduced by 21% to 84% for 1,3-D + Pic and 5% to 64% for Pic, respectively, under VIF as compared with the HDPE tarp. This difference in relative benefits of VIF for Pic alone and 1,3-D + Pic is likely the result of the longer soil half-life of 1,3-D (2 to 17 d) than Pic alone (0.2 to 4 d). Pic trapped under VIF degrades more rapidly than 1,3-D and so lethal concentrations of 1,3-D under VIF are maintained for longer periods than for Pic.
Hand weeding time and weed biomass. Hand weeding times and weed biomass were inversely related to fumigant rate. Based on the hand weeding times in both seasons at Oxnard, the 1,3-D + Pic rate under the HDPE tarp predicted to replace the MBPic standard fumigation exceeded the maximum rate of 448 kgÁha -1 used in our study (Table 6 ; Fig.  1 ). Such predictions made beyond the range of studied data are generally not very accurate (Steel and Torrie, 1980) . One reason for these high dose rates specifically in [2003] [2004] at Oxnard is the high population of common mallow, which was hard to control by all fumigants, including the MBPic standard (Wilhelm and Paulus, 1980) . At Oxnard in 2002-2003, the 1,3-D + Pic rates needed to equate MBPic were 20% less under VIF than HDPE tarp (Table 6) under the HDPE tarp (Table 6 ; Fig. 1 ). Hand weeding times at 56, 112, and 224 kgÁha -1 of 1,3-D + Pic was significantly less under the VIF tarp than the HDPE tarp (Fig. 1) . Notably, the 1,3-D + Pic rate under the HDPE tarp needed to equate the MBPic standard soil fumigation in 2003-2004 at Watsonville exceeded the maximum rate used in the study. 1,3-D + Pic rates that would be needed to replace the MBPic standard at Watsonville were reduced 48% and 82% or greater, respectively, in the VIF-covered bed in 2002-2003 and 2003-2004 seasons (Table 6 ).
In 2002-2003, at Oxnard, the predicted Pic rate needed to replace MBPic increased under VIF by 24% and exceeded the maximum rate used in the study (Table 6 ). The improved predicted performance of the HDPE tarp over VIF was because the hand weeding time means recorded in our study at 224 and 336 kgÁha -1 were numerically higher for VIF than the HDPE tarp (Fig. 2) . A rate less than 224 kgÁha -1 was estimated for Pic in [2003] [2004] (Table 6 ). Hand weeding means were significantly lower under the VIF tarp than the HDPE tarp for Pic in [2003] [2004] (Fig. 2) .
In 2002 of Pic under the HDPE tarp was predicted as a replacement rate for the MBPic standard soil fumigation (Table 6 ; Fig. 2 ). For both trial runs 2002 -2003 407.0 (390.8, 425.4) 673.8 (638.1, 716.8) 681.6 (618.5, 770.6) 1080 .2 (958.0, 1256 .0) Oxnard 2003 316.5 (303.5, 330.2) 580.5 (552.1, 613.4) 467.9 (445.6, 494.5) 766.0 (716.9, 826.7) Watsonville 2002 -2003 100.2 (84.9, 114.6) 432.5 (400.3, 472.1) 126.6 (87.9, 161.3) 933.6 (784.7, 1170 .9) Watsonville 2003 3) z Values in parentheses beside the GR 50 and GR 90 values indicate their lower and upper 95% fiducial limits in kgÁha -1 . 1,3-D = 1,3-dichloropropene; Pic = chloropicrin; VIF = virtually impermeable film; HDPE = high-density polyethylene. A total of 224 kgÁha -1 was considered the lowest feasible application rate for both alternative fumigants and predicted values less than 224 kgÁha -1 were not calculated. 1,3-D = 1,3-dichloropropene; Pic = chloropicrin; MBPic = methyl bromide:chloropicrin; HDPE = highdensity polyethylene.
at Watsonville, the Pic rates under the HDPE tarp needed to replace MBPic standard soil fumigation exceeded maximum rates tested (Table 6 ). However, under VIF for Pic, the predicted rates were within the range of the rates included in the study. Rates for Pic were reduced by 59% and 45% for the two seasons, respectively, under VIF compared with the HDPE tarp. With the exception of Pic in 2002-2003 at Oxnard, fumigant rates needed for MB equivalence were less under VIF than the HDPE tarp.
For weed biomass, the rates of the alternative fumigants averaged over tarps and seasons were less than 448 kgÁha , respectively. In 2003-2004, the predicted rates were 416 and 483 kgÁha -1 respectively. Economic analysis. As a result of the need for prophylactic treatment of soil pathogens required for controlling pathogens throughout the soil rooting zone, 224 kgÁha -1 is the minimum feasible rate for drip applications under an HDPE tarp. 1,3-D = 1,3-dichloropropene; Pic = chloropicrin; VIF = virtually impermeable film; HDPE = high-density polyethylene; MBPic = methyl bromide:chloropicrin. (Ajwa et al., 2002) . We compare hand weeding plus fumigant material costs for application rates of 224 and 336 kgÁha -1 under VIF and 336 kgÁha -1 under the HDPE tarp for each fumigant, trial location, and season. This procedure allows us to assess the potential benefits of reduced application rates under VIF taking changes in the hand weeding times into account. Results are reported in 73.53% and its wage and benefits/h is $9.38. Watsonville's bed share is 67.9% and its wage and benefits/h is $9.72. At a given application rate, when VIF reduces the hand weeding costs, it is unlikely to do so to the extent that the cost of VIF is offset by the reduction in weeding costs. However, the potential weed control benefit for growers of using VIF is the possibility of achieving equivalent efficacy at a lower application rate, which could reduce production costs. Additionally, reduction in emissions with the use of VIF can aid in sustaining production in townships where regulatory constrains may otherwise limit fumigant use (Nelson et al., 2001) .
Given the wages, fumigant prices, and tarp prices used in the economic analysis, it was never less costly to use VIF than an HDPE tarp at any given application rate. Although a reduction in the price of VIF relative to the price of an HDPE tarp will narrow the cost difference, hand weeding costs are sufficiently small relative to other costs that even a substantial narrowing of the difference in tarp price will not result in VIF having lower overall costs. However, it was always less costly to apply 224 kgÁha -1 of a fumigant under VIF than to apply 336 kgÁha -1 under an HDPE tarp. These results are largely driven by the magnitude of fumigant costs, which are much larger than hand weeding and tarp costs per hectare. In fact, if the use of VIF rather than an HDPE tarp allowed the application rate of 1,3-D to be reduced by 60 to 70 kgÁha -1 , then costs would be equivalent. Any greater reduction in the application rate would result in lower costs using VIF. For Pic, a reduction of %50 kgÁha -1 would result in equivalent costs. Larger reductions would result in lower costs under VIF.
Summary
With the exception of Pic in [2002] [2003] in Oxnard, VIF allowed reduced use of rates as compared with an HDPE tarp for both fumigants and at both locations. The variability in the net benefit that VIF provides in terms of the reduction in the fumigant application rate for weed control comparable to that of the standard application rate under the HDPE tarp suggests that more work is needed to quantify these relationships and the production conditions under which VIF is most beneficial.
